Abstract: It is widely known that thinner Si substrate is the main path for lower $/Watt HIT solar cells due to improved charge collection, reduced bulk and total recombination, and fewer raw material consumption (Panasonic, IEEE Journal of Photovoltaics., vol. 4, p. 96, 2014). Nonetheless, thin substrates always lead to low mechanical stability and wafer breaking. In this work, spray coated 50 nm graphene layer is used as the back electrode in Si HIT solar cells to enhance the mechanical stability. With the incorporation of graphene as the back electrode in Si HIT solar cells, remarkable improvements in substrate mechanical strength are achieved. Without the degradation of HIT solar cell efficiency, hardness is increased nearly twofold from 902 to 1747 HV. The Young's modulus is increased from 93.9 to 140.1 GPa while the ultimate tensile strength is increased from 96.71 to 273.68 MPa. Low-cost chemical exfoliation method and low-temperature (150°C) spray coating method have been employed for the preparation and deposition of thin graphene back electrode, respectively. In addition, unlike the graphene as the substitute for ITO in OLED applications, the graphene strengthened thin silicon substrate technology here imposes no additional constraint on the graphene electrode transparency since it is used as a back electrode. We, thereby, believe that our proposed method is effective for attaining higher efficiency and lower $/Watt thin Si HIT solar cell technology with enhanced mechanical strength.
Introduction
The performance of photovoltaic cells highly depends on its design, material properties, and fabrication technology. The p-n junction based crystalline silicon (c-Si) solar cells dominate the photovoltaic industry as these cells receive ample support from the Si integrated circuit research and market. Crystalline silicon solar cells have the advantages of material abundance, material stability, mature market infrastructure, non-toxicity, and the capability to share research and infrastructure costs with the microelectronics/IC industry [1] - [5] . The further improvement on crystalline silicon (c-Si) solar cell technology is continuously lowering the cost, increasing the efficiency by multiple junctions, heterojunctions, or bandgap grading, and low temperature processing. On the other hand, thin-film microcrystalline silicon(μc-Si) and amorphous silicon (α-Si) p-i-n junction solar cells are of lower cost and lower thermal budget, but the overall conversion efficiency is quite low (∼4% to 14%) as compared to crystalline silicon (c-Si) wafer-based solar cells (∼ 20%) [6] - [8] .
In the last decade, research pertaining on the silicon heterojunction-intrinsic-thin (HIT) layer solar cells has been done extensively in order to optimize the various parameters of the photovoltaics [9] - [16] . It is an appealing technology with the combinations of high-performance crystalline silicon wafer-based solar cells and low-temperature amorphous silicon (α-Si) thin film technology. Symmetrical structure and low-temperature process (∼250°C) ensure the low-cost nature for HIT solar cells. Besides, HIT solar cells has a superior temperature coefficient compared conventional Si wafer solar cells, and the bifacial module can facilitate the utilization diffused sunlight. The structure of a typical HIT solar cell includes intrinsic thin α-Si layer, n + and p doped α-Si emitters, and two ITO layers on both sides of a c-Si substrate. Al electrodes are then deposited on both sides of the doped α-Si layer.
It has been widely known that thin substrate is a substantial parameter for HIT solar cells for enhanced charge collection, and reduced bulk and total recombination, leading to higher efficiency. Specifically Panasonic has shown that the efficiency of Si HIT solar cells can increase with the decreased thickness [13] , [16] . Besides, thinner substrate also promotes low material consumption and improved $/Watt. Nonetheless, as the substrate thickness decreases, mechanical stability of the device starts to degrade. This leads to the trade-off between enhancing charge collection mechanism and low stability for the device. While thinner substrate is uniformly desired for HIT solar cells [13] , [16] , with decrement in substrate thickness mechanical stability of the structure starts to decrease. This constraint puts a lower limit for the substrate thickness beyond which the whole structure becomes practically too brittle for handling and subsequent packaging.
In this work, mechanical strength enhancement in thin HIT solar cell substrates has been achieved by simply incorporating a thin graphene layer as the back electrode in the structure. The 180 μm multi-crystalline Si wafer is currently the most common thickness for silicon PV and is used in this experiment. It should be noted that at 180 μm thickness, the substrate is already of much weaker mechanical stability than the standard 6' Si wafer (675 μm in thickness) is while Panasonic suggests the thickness for Si HIT substrate should go down to 58 μm [16] . This reflects the importance of increasing substrate mechanical strength for feasibility. Graphene is a highly conducting material that has attracted much consideration due to its advantageous material properties, such as high charge mobility, transparency, mechanical strength, flexibility, and thermal conductivity [17] - [23] . As a result, graphene is expected to play a vital role as a transparent electrode in electronic and optoelectronic applications such as the replacement of the ITO electrodes in OLED [24] - [27] . In contrast to the graphene in OLED applications, in this work there is no restraint on the transparency of the graphene back electrode since the solar photons enter from the solar cell top surface. Integration of graphene into the Si HIT solar cells has increased the mechanical strength of the structure significantly, thereby, paving the way for the further thinning of the Si substrate in HIT technology, which is essential for higher efficiency [10] , [13] , [14] , [16] . Fig. 1 illustrates the proposed Si HIT solar cell with graphene back electrode. Fig. 2 represents the two-dimensional (2D) and three-dimensional (3D) views of the proposed structure with dimensions labeled.
Experimental Details

Sample Fabrication
Substrate Preparation:
The 180 μm n-type crystal silicon wafers were cleaned using a standard RCA procedure and then dipped into hydrofluoric acid (HF) (2.5% in H 2 O) for 1 min to remove the native oxide layer. The substrate is then dried by N 2 gun to remove moisture. Afterward, we use 6% potassium hydroxide (KOH) solution to wet-etch the crystal silicon surface, resulting in anisotropic etching. Immersing the substrate in the solution produces tiny inverted pyramids at silicon wafer surface, which leads to anti-reflection. Lastly, in order to smooth the pyramid angle and prevent oxide electrical barrier, nitric oxidation (HNO 3 :CH3COOH = 4:1) and BOE solutions are used respectively for smoothening and oxide removal.
VHF PECVD:
Subsequently, various layers of the HIT solar cells are deposited via very high-frequency plasma-enhanced chemical vapor deposition method (VHF-PECVD). Firstly, 12 nm front intrinsic (i) α-Si is deposited at 250°C temperature, 1500 mtorr pressure and 80 W radio frequency (rf) power on the c-Si substrate. Then, back side intrinsic (i) α-Si layer is deposited by rotating the whole structure downwards. Deposition condition is the same as the front i-layer. Thereafter, at 200°C with 700 mtorr pressure and 90 W rf power, 20 nm n + α-Si film is deposited. Then, the device is again rotated and 10 nm p doped thin amorphous silicon (α-Si) film is deposited at 1800 mtorr pressure, 260°C temperature with 40 W rf power. Silane (SiH 4 ), H 2 , B 2 H 6 /PH 3 and Ar precursor gases have been used to deposit these thin amorphous silicon (α-Si) layers. A precleaned high energy plasma process is required to eliminate the oxide and residual gases before the deposition of thin amorphous layers.
PVD ITO Sputtering and AL Metallization:
The ITO (100 nm front side and 120 nm back side) film is deposited by sputtering. DC pulse is adopted for the ITO deposition at 6.8 mtorr pressure, 200°C temperature and 1 KW power. A metal mask is placed at the front side of the structure during ITO deposition to form the patterned Al front electrodes. The cell area is defined as 1.2 cm 2 . Fabricating narrow and tall metal lines helps to reduce resistive and shadow losses at the front of HIT devices. Hence, the front electrode should be narrow enough fingers to reduce the shadow loss for a higher J SC and simultaneously thick enough to ensure low series resistance to increase the fill factor (FF).
Synthesis and Deposition of Spray Coated Back Graphene:
In the second phase, graphene was prepared and spray coated on the backside Al layer to form the graphene back electrode for the HIT solar cell. A modified experiment by R. B. Rakhi et al. [28] has been employed here including reducing the graphene oxide synthesized by chemical oxidation and the exfoliation of natural graphite fine powder [28] - [31] . Modified Hummers methods has been adopted for the preparation of slightly oxidized graphene powders. The detailed synthesis procedure has been provided by C. J. Hung et al. paper [32] . A brown colored suspension after 30 min ultrasonic agitation is achieved by dispersing 40 mg of graphene in 40 mL DI water. Afterward, this graphene is spray coated on the HIT solar cell backside Al layer uniformly. Firstly, the above-obtained graphene is mixed with DI water and this solution is put into spray gun, and spraying aperture size is adjusted. Thereafter, in order to ensure uniformity, this graphene solution is spray coated back and forth several times on the whole sample when the sample is placed on the hot plate at 150°C. Finally, we put the sample into a vacuum oven at 70°C. There are two noteworthy points to be noticed in the spray-coating process. One, the spray coated graphene is not a monolayer. Since the transparency is not the prerequisite in this application, thicker graphene reduces series resistance. This point is distinctly different from graphene electrodes in OLED as the replacement of ITO where the trade-off between graphene thickness and transparency always exists. The other point is that the original aluminum back electrode is considered as the seed layer during spray coating.
Sample Measurement
Measurements in this investigation has been carried out in three distinct ways: J-V/EQE, hardness, and tensile strength. Newport Company measurement instruments have been used for the solar cell J-V and the external quantum efficiency (EQE) measurements. The solar spectrum is AM1.5, and the light intensity is 100 mW/cm 2 . Before measuring the cell, the solar system is power calibrated to one sun by a reference solar cell. Afterward, the cell is connected to Keithley multimeter, and the J-V curve can be recorded from the Labview system monitor. Additionally, EQE value indicates the amount of current that the cell produces when irradiated by photons of a particular wavelength. The software Forter Tech is used to analyze the cell's EQE and short circuit current (J SC ) at monochromatic illumination. Hardness and tensile strength measurements have been done by Micro-Hardness Tester FM-700 from Future-Tech Corp, Japan and material testing systems MTS 810 from MTS system corporation, USA, respectively.
Results
Hardness
This section represents the experimental results for our proposed HIT solar cell with graphene as the robust back electrode. Fig. 3 depicts the zoom-in picture of the Al back electrode before and after spraying graphene layer. Circle with the two perpendicular lines in the middle shows the portion of the conducted experimental test with 500 grams-force (gf) applied force. Hardness units have been represented by Vickers Pyramid Number (HV). HV valves have been measured for two samples with and without graphene back electrode. Initially, baseline sample without graphene is measured and 902.3 HV value is recorded. Thereafter, the sample with spray coated graphene is measured for hardness value and 1747.4 HV value is recorded. That amounts nearly two-fold enhancement in hardness value. In this process 500 gf force has been put on the samples for the hardness test. Thin uniform translucent graphene layer can be seen in Fig. 3(b) , thereby, indicating the presence of graphene on the surface. There is no constraint in our design for the requirement of transparent graphene back electrode, which facilitates fast industrial applications of this proposal.
Ultimate Tensile Strength and Young's Modulus
Experimental data for the tensile strength for our proposed structure has been represented in Fig. 4 . Two curves have been shown here with and without graphene back electrode. Young's modulus is the slope of these curves in the initial linear portion of the curves. Table 1 represents the ultimate tensile strength (UTS) and Young's modulus data for the structure. Remarkable almost 3 times improvements in the ultimate tensile strength (UTS) can be seen here. UTS has been increased from 96.71 MPa to 273.68 MPa after the inclusion of graphene back electrode. Besides, 49.2% enhancement in the Young's modulus coefficient has also been achieved in this work. Young's modulus has increased to 140.1 GPa from 93.9 GPa after the incorporation of graphene back electrode, thereby, validating our righteous approach for the inclusion of spray coated graphene back layer on Al electrode to enhance the mechanical tensile strength of the HIT solar cells. Table 2 represent the parameter values of the experimental current-voltage characteristics (J-V) data. It can be seen that an insignificant 0.31% decrement in the efficiency is reported when we applied spray coated graphene electrode at the backside of HIT solar cell. The reported efficiency is 16.76% after the inclusion of graphene back electrode layer. Although the short circuit current density (J SC ) has decreased in our structure due to the increase in series resistance between the Al and graphene back electrode, this decrease is nominal (0.05%). Fill factor also decrease slightly by 1.3%. This happens because graphene has been spray coated on the Al electrode, and the effective electrical connection between graphene and Al electrodes has not been properly maintained during the deposition process. Open circuit voltage is reported to be same at 0.67 volts in both the samples. Current-voltage characteristics (J-V) and external quantum efficiency (EQE) curves have been plotted in Fig. 5 . Thus, it can be seen that the effective parameters for the HIT solar cells have been affected minimally, but mechanical tensile strength has been increased almost 3 times after the deposition of graphene back electrode. 
Current-Voltage Characteristics (J-V) and External Quantum Efficiency (EQE)
Scanning Electron Microscope (SEM)
Dimensions of the various parameters of HIT solar cell have been measured by using scanning electron microscope (SEM). SEM micrographs images have been shown in Fig. 6 . The spray coated graphene is deposited on top of Si/ITO/Al praymid structure. It can be seen after the graphene deposition, the sharp corner at the bottom of the adjacent pyramids becomes rounded, evident from comparing Fig. 6(a) to (b) . The transmission electron microscope (TEM) is more difficult to be done in this sample because the etched pyramid is ∼5 μm in height and ∼10 μm in width, which presents obstacle in focused ion beam (FIB) thinning before TEM imaging. Fig. 6(c) shows the high-resolution SEM cross-section, and the respective layer thickness can be measured. The graphene thickness is around 50 nm. The aluminum thickness is 740 nm, and the ITO thickness is around 156 nm. Fig. 7 shows the elemental mapping data using scanning electron microscope energy dispersive spectroscopy (SEM-EDS). The C, In, Al, Si, O contents are located at the expected position showing the entire device structure is as expected. Thus, it is evident that with the inclusion of low-cost lowtemperature spray coated graphene, the mechanical strength is significantly enhanced.
Conclusion
Si HIT solar cells with thin graphene layer (50 nm) as the back electrode has been investigated in this work. Thin substrate is the integral essential part for high-efficiency Si HIT solar cells. Nonetheless, thin Si substrates highly suffer from wafer break due to its weak mechanical strength. Significant improvements in hardness, tensile strength, and breaking strength (UTS) of the HIT silicon substrate has been reported in this work, due to the inclusion of spray-coated graphene back electrode. Twofold enhancement in Vickers Pyramid Number (HV) has been reported along with the improvement in ultimate tensile strength from 96.71 MPa to 273.68 MPa. While the mechanical strength is significantly improved, a similar efficiency after the application of spray coated graphene on HIT solar cell is recorded. The unaffected efficiency reflects the feasibility of graphene back electrodes for Si HIT technology. With improved mechanical strength, further thinning of substrate is possible, which will lead to better charge collection, reduced raw material usage, and reduced bulk and thus total recombination loss, and all of these lead to lowered $/watt. Graphene in this work has been prepared via low-cost chemical exfoliation method. Thereafter, graphene layer is deposited by low-temperature (150°C) spray coated method, thereby, maintaining the cost efficiency of our proposed design. Finally, unlike the graphene electrode as the ITO replacement, here there is not any constraint on the transparency of the graphene back electrode. This eliminates the dilemma in the trade-off between electrode sheet resistance and electrode transparency.
